Oil palm wood (OPW) from different portions of the trunk was tested on edge to evaluate its fatigue life, a criterion necessary for furniture application. It was found that as the stress levels increased, as a percentage of its MOR, a reduction in fatigue life was observed. Further, the phenol-formaldehyde resin impregnated OPW from the middle and center portion of the oil palm trunk showed comparable fatigue life with those untreated samples from the periphery of the trunk, and hence, the allowable design stress for the OPW for furniture applications could be set at 40 % of its MOR. The results show oil palm wood of acceptable density can be successfully used for furniture applications.
Introduction
The use of oil palm wood (OPW) for furniture and other value-added products manufacturing is being intensively pursued in Malaysia and Indonesia, the two largest producers of palm oil in the world. Oil palm (Elaeis guineensis) which is the largest plantation crop in both countries, produces an abundance of biomass annually, in the form of trunk, fronds, empty-fruit bunches, etc. Reports suggest that up to 120 million tons of biomass becomes available every year in both countries, but only 5 % of this amount has found application particularly as boiler fuel in oil mills and as mulching agents (Ratnasingam 2015) .
However, the utilization of OPW from the oil palm trunk has three main challenges: (1) its density reduces from the periphery to the center and from the base to the top of the trunk, (2) its high moisture content, often in excess of 180 % makes it very prone to fungal and insect attack, and (3) its poor machining quality (Ratnasingam 2015) . Being a monocotyledonous plant, the strength of the oil palm wood is attributed to the presence of tough vascular bundles embedded within the soft parenchyma matrix (Gibson 2012) . It has been noted that the number of vascular bundles also reduces from the periphery (average of about 85/cm 2 ) to the center of the trunk (average of about 35/cm 2 ), which explains the lower strength properties of the oil palm wood obtained from the center of the trunk. Fathi and Frühwald (2014) have however shown that the characteristics of the vascular bundles also change from the periphery to the center of the trunk, whereby vascular bundles in the periphery have significantly higher strength properties due to thicker cell walls, compared to those in the middle and center portions of the trunk. This explains the lower density of the OPW from the middle and center portions of the oil palm trunk.
Previous studies of impregnating the OPW with phenolic resins to increase its density have also improved its static strength properties (Dungani et al. 2013 ). However, reports on its cyclic-load bearing properties which is an important criterion for furniture applications (Ratnasingam et al. 1997) , are missing. Therefore, a study was undertaken to evaluate the fatigue strength properties of OPW from the periphery, middle and center portions of the trunk, which will provide new insights into the possible utilization of OPW for furniture.
Methods
The characteristics of the OPW samples used in this study are shown in Table 1 . The samples from the middle and center of the trunks were impregnated with phenol-formaldehyde resin (viscosity of 80 cps, pH 12.2, specific gravity 1.18 and solid content of 38 %) through a vacuum-pressure method (0.5 MPa pressure and cured at 120°C for 3 h), to achieve the average target density of 500 kg/m 3 . The samples in dimensions of 55 mm 9 55 mm 9 2100 mm, cut in longitudinal direction along the trunk, were obtained from a local supplier. All the samples (treated and untreated) were kept in a conditioning room for approximately 30 days, to achieve a final moisture content of 12 ± 2 %. A total of 50 pieces of OPW from the different positions in the trunk were then ripped full length to a final dimension of 25 mm 9 50 mm 9 2000 mm, and cross-cut at the middle length to form two matched pieces. One of the matched pieces from each experimental material was used to evaluate density, moisture content and ultimate bending strength, while the other was used for fatigue strength evaluation. The edge-wise static bending tests were conducted in accordance with the ISO 3133:1975 standard, using an INSTRON universal testing machine, while the edge-wise fatigue tests were conducted using a similar configuration and a specially designed air-cylinder square-waveform loading system, as described in Ratnasingam and Ioras (2011) . The test rig allowed up to 3 specimens to be tested simultaneously. All the fatigue specimens were subjected to five different stress levels (i.e. 30, 40, 50, 60 and 70 %) expressed as a percentage of their respective average MOR. The load was applied at a rate of 20 cycles per minute, and mechanical counters recorded the number of cycles completed, and limit switches were used to stop the test when the specimen failed, or when 1 million cycles were completed. For comparison purposes, a similar number of commercially-sourced rubberwood (Hevea brasiliensis) of similar experimental conditions were also tested. Each of the tests conducted had 6 replicates and was conducted in an air-conditioned laboratory with constant temperature and humidity. The mean values of the tests were compared using the analysis of variance (ANOVA) to ascertain the difference between the OPW from the different portions of the trunk and between the different OPW and solid rubberwood. Table 2 shows the fatigue life of OPW specimens obtained from the different parts of the oil palm trunk. It is apparent that the resin-treated and untreated OPW from the different parts of the trunk do not show significantly different (p \ 0.05) fatigue life, primarily due to the comparable density between the samples. As reported by Dungani et al. (2013) , phenol-formaldehyde resin impregnation has been successfully used to enhance the density and properties of the OPW obtained from the middle and center portions of the oil palm trunk. Inevitably, the cyclic load bearing properties of these specimens were comparable to that of those specimens obtained from the periphery of the trunk. As elaborated by Fathi and Frühwald (2014) , the characteristically weaker and reduced number of vascular bundles found in the middle and center portions of the oil palm trunk contributes to its lower strength properties. However, the impregnation of these specimens with the phenolformaldehyde resin markedly improves its density, and simultaneously increases its strength properties. In the resin treated OPW, the vascular bundles are embedded in a matrix of resin that penetrates the surrounding parenchyma tissues, which inadvertently leads to its higher strength properties. Gibson (2012) has suggested that the vascular bundles in the OPW are important to provide strength and resilience under different loading situations and in the case of cyclic loading, the resin-impregnated specimens with its improved hardness and density is able to withstand such loads. The results show that for untreated OPW and resin- nasingam et al. 1997) . The untreated and treated OPW show no significant difference (p \ 0.05) in terms of fatigue performance at the 40 % stress level, which is often sufficient for furniture applications (Ratnasingam et al. 1997) . When compared to the solid rubberwood, the untreated and untreated OPW had significantly inferior fatigue life. Nevertheless, an interesting observation from this study is the fact that the soft parenchyma matrix that surrounds the vascular bundles in the untreated OPW from the periphery of the oil palm trunk shows more signs of failure under cyclic loads compared to the harder resin that impregnated both the parenchyma cells and vascular bundles in the treated OPW from the middle and center portions of the oil palm trunk. This is likely to be attributed to the thin cell walls of the parenchyma tissue, which are weaker compared to the thicker cell walls of the vascular bundles. Although the failure in the untreated samples was not catastrophic and did not significantly affect the fatigue life of the samples, it suggests that the generally weaker parenchyma tissues that surround the stronger vascular bundles are the inherent weak-points for failure in the OPW. Gibson (2012) suggested that the impregnated resins in OPW enhance the rigidity of the specimen to withstand intermittent loading situations, and thus minimizing failures.
Results
4 Implications for furniture application Therefore, this study has far-reaching implications on the use of OPW for furniture and other load bearing applications, where fatigue is an important parameter. The results clearly depict that resin-treated OPW from the middle and center portions and the untreated OPW derived from the periphery of the trunk may conform to the standard fatigue life requirements for furniture. With acceptable shear strength, the treated and untreated OPW is also expected to perform equally well as rubberwood, when jointed using dowel or mortise-tenon joints, with appropriate dimension and alignment (Ratnasingam 2015) . It must be recognized that the vascular bundles that run parallel to the longitudinal direction of the trunk, constitute the strength elements in the material, and any structural application that applies load perpendicular to the alignment of the vascular bundles will reveal good strength properties as suggested by Ratnasingam (2015) . Hence, resin-treated and untreated OPW offer a promising potential as an alternative furniture material. No. of cycles refer to number of load cycle to failure of specimen Results were statistically different at p = 0.05 between the OPW and Solid Rubberwood, but not different between the treated and untreated OPW MOR expressed in N/mm 2 P-OPW periphery oil palm wood, M-OPW middle oil palm wood, C-OPW center oil palm wood
